The chlorination process utilizing ammonium chloride as chlorination reagent has been employed for the recovery of elements from a promising photovoltaic semiconductor material, copper indium gallium diselenide, Cu(In,Ga)Se 2 , through vaporization of the chlorides of the elements. It was found that the chlorination took place by heating of the model sample in the presence of ammonium chloride. The influence of process parameters, such as oxygen partial pressure in the gas phase, the composition of ammonium chloride and the reaction temperature, has been investigated. The increase in the oxygen partial pressure resulted in the substantial increase in the recovery. The chlorides of indium and gallium deposited in the temperature zone around 400 K, while selenium chloride concentrated in the lower temperature zone below 320 K, for the reaction at 673 K. Copper was detected mostly in residue. At 1073 K, on the other hand, the evaporation of copper chloride was observed. These phenomena result from the difference in vapor pressure of metal chlorides.
Introduction
Photovoltaic, PV, technology is one of the most promising renewable energy resources. Currently, silicon-based modules are dominant in the PV market. 1) They are, however, fabricated by complex processes including energy-intensive production of high purity silicon. Thin film PV technology based on polycrystalline semiconductors is an alternative option which can be realized at lower cost. 2) The active PV materials are compounds which have high optical absorption coefficient of the order of 10 5 cm ¹1 , two orders of magnitude higher than that of silicon, enabling thin film modules of 13 micrometer active material thickness. 3) Two types of chalcogenides, cadmium telluride and copper indium gallium diselenide, Cu(In,Ga)Se 2 (CIGS), are the major materials whose modules are currently commercially available in the market. High energy efficiency, more than 20%, has been achieved owing to the process improvements. 4) One of the advantages of the thin film PV modules is, as mentioned above, the economy of the active materials. Significant increase in the worldwide PV production can, however, lead to serious problems in material supply, because some metals such as indium and gallium are potentially constraint elements. 57) Other elements such as cadmium and selenium are potentially hazardous and need careful handling and waste control.
Consequently, the development of recovery process of the elements from wastes is of great importance in the view of resources securities and environmental concerns. 8) Conventional processes are based on the techniques of hydrometallurgy, where target elements are dissolved in acidic or basic solutions, and enriched by various types of extraction processes, which have been developed in the past decades.
As an example, Kushiya et al. reported the recycling process of CIGS solar cell modules where the active materials were dissolved in acetic acid. 9) With respect to the pyrometallurgical processes, Gustafsson et al. studied thermal treatment of CIGS compound: selenium was extracted in the form of volatile oxide at high temperature under oxidative atmosphere. 10) The chlorination metallurgy is one of the attractive methods for the extraction of target elements, since it enables the spatial separation of the elements in a single step according to the difference in the vapor pressure of the chlorides. A recycling process of CdTe/CdS modules based on chlorination treatment was reported in a patent, 11) although no detailed work has been addressed for CIGS material so far.
In our previous studies, 1214) we have reported the results of a pyrometallurgical chlorination treatment utilizing ammonium chloride for the recovery of indium from wastes. It has been demonstrated that indium can be recovered from a Pb-Sn-In model bearing alloy as well as indium tin oxide, ITO, transparent conductor deposited on glass surface.
In the present paper, we address the chlorination treatment of Cu(In,Ga)Se 2 semiconductor compound. The purpose of the current study is to investigate the influence of process parameters such as oxygen partial pressure and reaction temperature.
Experimental Procedure

Materials
As a model CIGS module, we used a physical mixture of CIGS and silica. Powders of CuIn 0.7 Ga 0.3 Se 2 with a purity of 99.9% and SiO 2 with a purity of 99.9% were supplied by Kojundo chemical laboratory Co., Ltd. The chlorination reagent was NH 4 Cl powder with a purity of 99.5% supplied by Wako pure chem. Co., Ltd. The powders were mixed in a mortar and then pressed into a pellet of the diameter of 8 mm. Typical composition was 30 mg of CIGS, 500 mg of SiO 2 and 424 mg of NH 4 Cl, corresponding to [model module] :
[NH 4 Cl] = 5 : 4 in mass ratio, if not specified in the following. The average contents of Cu, In, Ga and Se in a pellet were thereby 6.1, 7.4, 2.0 and 14 mg, respectively.
Chlorination reaction and analytical method
The chlorination reactions were carried out in a quartz horizontal reactor (inner diameter 26 mm, length 700 mm) heated in an electric furnace. 1214) A sample specimen was put in a mullite boat (width 16 mm, depth 12 mm, length 80 mm), which was inserted into the hot zone of the furnace. The reactions were conducted in the atmosphere of helium, air, or nitrogenoxygen mixture. In the case of N 2 -O 2 gas mixture, the partial pressure of oxygen was controlled by changing the flow rate of N 2 and O 2 gases. Typical total gas flow rate was 200 cm 3 /min and the reaction temperature was 673 K, if not specified in the following. Volatile products condensed at the cold part of the reactor during the reactions. The deposits were collected with ion exchanged water and aqua regia (HCl : HNO 3 = 3 : 1) after the experimental run. The latter was required for the extraction of selenium compounds, as some selenium chlorides are known to be unstable and decomposed to partly water-insoluble selenium. 15) Volatile products which did not deposited inside the reactor were captured in three glass traps connected to the reactor: one contained 40 mL of aqua regia, and each of the others contained 50 mL of ion exchanged water. The metal content in the solution was determined by ICP analysis (SPS3000 or SPS4800, SII). It is considered that all volatile products were collected from the reactor and/or three glass traps, as no reaction products were detected in an additional glass trap in a control experiment. The recovery rate is defined as 100 © (m Reactor + m Trap )/m Total , where m Reactor denotes the mass of the element collected from the cold part of the reactor, m Trap is that from all glass traps, and m Total is the total mass of the element in the pellet. The CIGS powder after the thermal treatment under the oxygen flow at 673 K was analyzed by XRD (UltimaIV, Rigaku).
Spatial separation of the elements
Spatial separation of the elements, one of the major advantages of the chlorination metallurgy, was examined in the present reaction. Eighteen pieces of quartz tube (outer diameter 25 mm, inner diameter 23 mm, length 10 mm or 20 mm) were put along the inner wall of the reactor side by side. Volatile products deposited on every tube were collected by 3 mL of aqua regia and diluted to 25 mL by ion exchanged water, and then analyzed by ICP spectrometer.
Results and Discussions
Chlorination treatment under various atmospheres
The effect of reaction atmosphere on the recovery rate of the elements was investigated at 673 K. See section 2.2 for other reaction conditions. Table 1 summarizes the recovery rate under inert (helium and nitrogen), air and oxygen atmosphere. The recovery rates of all target elements under inert atmosphere were lower than those under oxidative atmosphere of air or oxygen. This result shows that oxygen is necessary for the sufficient recovery of the elements. Since selenium could be extracted in the form of volatile oxide from CIGS, 10) the oxidation of selenium may be one of the key reactions in the present process. However, under the present experimental condition, the thermal treatment of CIGS under the oxygen flow did not result in the evaporation of selenium as seen in Table 1 . From this result, the extraction of selenium in the form of oxide, i.e.
is less plausible in the present experimental condition, as also reported in literature. 10) In order to examine the oxidation of selenium at 673 K, XRD of a CIGS sample after thermal treatment under oxygen flow was measured, and the result is presented in Fig. 1 . It is clear that target elements included in CIGS were not oxidized at 673 K. Therefore, ammonium chloride plays the role as chlorination reagent. As discussed in our previous studies, 1214) ammonium chloride decomposes above 611 K to form ammonia and hydrogen chloride as
where the latter product, HCl, works as chlorination reagent. However, the direct chlorination reactions, such as
or
are probably not prevailing, as the recovery rate of each element by the reaction of CIGS and NH 4 Cl in inert atmosphere was 10% or less. The standard Gibbs energy changes of both reactions are 273 and 129 kJ/mol at 673 K, respectively, which are calculated on the assumption that CIGS consists of CuSe 2 , In 2 Se 3 and Ga 2 Se 3 . As the recovery rate increased under the presence of oxygen in the gas phase, we anticipate the following reaction:
The standard Gibbs energy change is ¹358 kJ/mol at 673 K based on the same assumption for the free energy calculation of reactions (3) and (4).
The formation of water in reaction (5) is in consistent with the visual observation during reactions, where water condensation occurred at the cold part of the reactor in the case of the reactions under the oxidative atmosphere.
Thus, it is considered at present that the major reaction of the present chlorination treatment is described by reaction (5) , although further studies, including detailed products analysis, are necessary. A preliminary work could not clarify the chemical composition of the volatile reaction products, since the coexistence of a large amount of ammonium chloride, resulting from the sublimation of the initial NH 4 Cl in the sample mixture or the recombination reaction of ammonia and hydrogen chloride, prevented the accurate determination of the cation-anion balance of the obtained sample solutions.
3.2 Influence of process parameters for the reaction at 673 K On the basis of the reaction (5), we examined the influence of the oxygen partial pressure as well as the composition of NH 4 Cl. Figure 2 shows the relation between the recovery rate and oxygen partial pressure, pO 2 . As described also in the previous section, the recovery rate was at most the order of 10% at pO 2 ³ 0. Slight increase in the oxygen partial pressure ( pO 2 = 0.025) triggered the chlorination reaction, improving the recovery rate drastically. Further increase in pO 2 resulted in a slight improvement of the recovery. The influence of the oxygen partial pressure is to be further discussed in 3.3.
In order to explore the influence of the apparent partial pressure of chlorine, the recovery rate of the elements was studied by varying the composition of NH 4 Cl. Figure 3 shows the recovery rate as a function of the mass of ammonium chloride, where the reactions were made at 673 K for 30 min with the mass of CIGS of 30 mg. As seen in the figure, the recovery rate increased almost linearly with the composition of ammonium chloride. The increase in the apparent chlorine partial pressure is obviously favorable for the chlorination reaction of the constituent elements. On the other hand, if the chlorination of the elements takes place according to the reactions (2) and (5), then the stoichiometric amount of ammonium chloride is 29.8 mg on the basis of the average contents in a pellet. The present result shows that excess amount of NH 4 Cl is necessary for the sufficient recovery. This is presumably because the hydrogen chloride, formed in the thermal decomposition of ammonium chloride, is removed by carrier gas.
Thermochemical consideration on the reaction
mechanism For further discussion on the recovery through chlorination process, particularly oxygen partial pressure dependence, thermochemical consideration is essential. The potential stability diagrams of the M-O-Cl-Se systems (M = Cu, In and Ga) at 673 K were calculated with help of a thermochemistry software package, FactSage Ver. 6.4 (Thermfact and GTT-Technologies), and are presented in Fig. 4 . To construct the diagram, we first performed equilibrium calculations of the constituent solids (30 mg of CIGS, 500 mg of SiO 2 and 424 mg of NH 4 Cl) and gases (N 2 and O 2 ). Since no detailed thermochemical data are available for CIGS compound so far, we simply assumed that the activities of the constituent diselenides, i.e. Cu 2 Se, In 2 Se 3 and Ga 2 Se 3 , were all unity. The masses of gases were taken from those flowed into the equipment during the reaction time, 30 min. Using the calculated selenium partial pressure value for the reaction at 673 K, we constructed then the potential stability diagram as a function of oxygen and chlorine partial pressures. The corresponding partial pressures of oxygen and chlorine, determined by the equilibrium calculation, are also It is clearly seen in the figure that the system is in the selenide stable region for the reaction under inert, i.e. nitrogen, atmosphere (Initial pO 2 = 0 atm, Fig. 4(a) ). Slight addition of the oxygen in the gas phase leads to the transformation to the oxide stable region (Initial pO 2 = 0.022 atm, Fig. 4(b) ). Selenium is thus released from the metals, can be then chlorinated to form volatile chlorides. The chlorination reaction can accelerate the release of selenium, as selenium chloride has high vapor pressure (see Fig. 6 ). An equilibrium calculation in the absence of ammonium chloride at the initial pO 2 of 0.022 atm shows that the system is in the oxide stable region of the equilibrium pO 2 of 2.1 © 10 ¹2 atm and pSe of 6.2 © 10 ¹23 atm. The oxidation of selenium was, however, not observed in experiments even at higher oxygen partial pressures (Initial pO 2 of 0.2 or higher). This is presumably due to the kinetic aspect which needs to be further explored in the future work.
Thus, the presence of chlorine plays an important role for the release and the evaporation of selenium. As for the other elements, depending on the activity of the oxides, the chlorination reaction can take place via the exchange reaction between oxygen and chlorine, resulting in the formation of the water (Reaction (5)). With increasing the initial pO 2 , the equilibrium oxygen and chlorine partial pressures increase along the boundary region of oxide/chloride stable region (Initial pO 2 = 0.023 and 1, Figs. 4(c) and (d), respectively).
As for the partial pressure of ammonia, the thermodynamic calculation indicates pNH 3 of (a) 1.47 © 10 ¹5 , (b) 1.25 © 10 ¹8 , (c) 1.03 © 10 ¹21 , and (d) 4.20 © 10 ¹30 atm, respectively. The low pNH 3 values are, however, not reasonable, as the decomposition of ammonia formed by the reaction (2) is not plausible under the present experimental condition. Thus, the actual partial pressures may be rather different from the calculated values. Moreover, the formation of volatile selenium oxychlorides 15) is expected in the present reaction condition, which leads to the decomposition of selenides. As thermochemical data of the compounds are not available in literature, further discussion is currently not possible. Further investigations including detailed gaseous products analysis and thermochemical studies of selenium oxychlorides can clarify the effect of oxygen in the present reaction system.
Effect of temperature
We have so far found that the elements can be recovered from CIGS as volatile species by thermal treatment with ammonium chloride, though the recovery rate of indium and gallium is as high as ³50% for reaction at 673 K. For further improvement in the recovery rate, the influence of the reaction temperature was examined under N 2 -20 vol%O 2 atmosphere at flow rate of 200 mL/min. Figure 5 shows the temperature dependence of the recovery rate. The recovery rate of all target elements increased with increasing temperature. Sufficient evaporation of the elements was observed at temperatures above 1073, 973, 723 and 573 K, for cupper, indium, gallium and selenium, respectively. The increase in the recovery is presumably due to the promotion of the reaction at higher temperature, as found in our previous studies. 13, 14) Sufficiently high vapor pressure can also contribute to an accelerated transport into the gas phase. The temperature dependence of the vapor pressure of metal chlorides is plotted in Fig. 6 . The vapor pressure of copper chloride is lower than other chlorides. This is in accordance with the fact that the evaporation of copper species was not observed at 673 K. At elevated temperature copper chloride can be also evaporated. It was also reported that sufficient evaporation of copper chloride took place above 1073 K, enabling the recovery of copper from waste electric cables through a chlorination process. 17) De Micco et al. reported that the mass loss started at 773 K in the chlorination reaction of metallic copper at the volatilization rate of 10 ¹3 mg s ¹1 , and increases at 1023 K to one order of magnitude larger than that at 773 K. 18) In summary, extraction of the elements from Cu(In,Ga)Se 2 by vaporization is basically possible. It is considered that the solidvapor reaction takes place in the present experimental conditions, as the liquidus temperature of CuIn 0.7 Ga 0.3 Se 2 is ³1323 K. 19) Above the liquidus temperature, it is expected that the chlorination reaction occurs via vaporliquid reaction in which the activity of both products and reactants has significant influence on the reactivity and the evaporation behavior.
Spatial separation of the elements
Finally, the results of the spatial separation of the elements are presented in Figs. 7 and 8 , which show the deposition profiles of the element and the average temperature plotted as a function of the distance from the exit of the furnace for the reaction at 673 and 1073 K, respectively. For the reaction at 673 K, indium and gallium chlorides were deposited in the temperature zone around 400 K, while selenium chloride was concentrated in the lower temperature zone below 320 K (see Fig. 7 ). Copper was detected mostly in residue. For the reaction at 1073 K, cupper, indium and gallium chlorides were deposited over 400 K. Selenium chloride was transported and concentrated below 400 K (see Fig. 8 ). These features result from the difference in volatility of the metal chlorides, although the results of gallium are not in accordance with the vapor pressure data (Fig. 6) . The presence of indium and gallium in Fig. 7 showed a maximum at x = ¹2 (447 K) and x = ¹1 (404 K), respectively. Similarly, the deposition profile of indium and gallium in Fig. 8 showed a maximum at x = 2 (575 K) and x = 3 (529 K), respectively. It is known that both indium(III) chloride and gallium(III) chloride form dimer or oligomer in the gas phase. 2022) Anundskås and Øye reported the formation of gas complexes made of aluminum chloride and vanadium chloride from reaction of Al 2 Cl 6 with VCl 2 / VCl 3 . 23) Therefore, we deduce the presence of gas complexes between indium chloride and gallium chloride, which are congener of aluminum. From the practical point of view, crude separation is beneficial for further refining of the elements. Both peak positions were not separated clearly from each other under the present temperature profile, however, careful control of the temperature profile can achieve the spatial separation of the elements.
Conclusions
In the present paper, we addressed the chlorination treatment of Cu(In,Ga)Se 2 semiconductor compound utilizing ammonium chloride. The results are summarized as follows.
(1) The recovery rate of all target elements under inert atmosphere was lower than that under air or oxygen atmosphere. The recovery rate increased at the elevated partial pressure of oxygen. These results demonstrated that oxygen was necessary for the sufficient recovery of target elements. (2) The recovery rates of all target elements increased with increasing the composition of ammonium chloride, and we found that excess amount of NH 4 Cl was necessary for the sufficient recovery. (3) The recovery rates of all target elements increased with increasing temperature. The temperatures for the sufficient evaporation were 1073, 973, 723 and 573 K for of cupper, indium, gallium and selenium, 6 Vapor pressure of the different chlorides plotted against the temperature. 16) respectively. (4) The chlorides of indium and gallium were transported and deposited in the temperature zone around 400 K, while selenium chloride was concentrated in the lower temperature zone below 320 K for the reaction at 673 K.
Copper was detected mostly in residue. For the reaction at 1073 K, copper, indium and gallium chlorides were deposited in the temperature zone over 400 K, and selenium chloride was concentrated in lower temperature zone below 400 K. These results were due to the difference in the vapor pressure of metal chlorides.
